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Translation: C. Bartsch 1 Changes in land cover in the Alps and Jura massifs over the past 30 years have become a recurrent issue and the topic of significant scientific research to measure the impact of climate change on certain species in certain areas (notably in the Vercors, Lautaret pass and High Jura regions), as well as modifications in the forests and landscapes in these areas. Processing and analysis of aerial photographs and satellite images have confirmed the changes and revealed a progressive "closing" (forestation) of landscapes, particularly in medium-altitude mountain regions, and urban sprawl in low-lying regions. The phenomenon has been reinforced by two main factors, namely the significant drop in available urban real-estate, which has produced a clear extension of smaller towns and built-up areas, and the massive emigration of farmers, which has reduced farmland in favour of forests made up essentially of conifers.
attempted to understand the causes and to evaluate the effects on ecosystems (Smol, 2008 , Ek A, et al, 2001 Battarbée, … Chen-tung a. et al., 2004) . On the whole, three factors lie at the origin of the acidification processes, 1) acid rain, 2) industrial (N, S) and household discharges, and 3) growing forests with the development of acidophilic tree species (essentially conifers). Other factors concern the presence and extension of wetlands in the catchment zones of lakes and around lakes.
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Use of new information technologies, in particular geographical information systems (GIS) and remote sensing, has vastly improved our understanding of ecological processes and the organisation of landscapes. However, there have been few attempts to model these systems by combining hydrogeochemical models and GISs, in view of predicting and above all evaluating the consequences of such changes. We propose here an innovative approach in an attempt to model changes in the forest cover over the next 20 years, based on a careful combination of remote sensing and geomatics in a first step, followed by coupling with a hydrogeochemical model. The method involves processing four Landsat images and modelling changes in land cover using the Idrisi Land Cover Modelling (LCM) module, then integrating the results of this first step in the Watershed Assessment Risk Management Framework (WARMF) model. The goal is thus to understand the general operation of lakes and to predict future changes in their physico-chemical status. The geographic area addressed by this study is the lakes region (mid-altitude plateau) of the Jura mountains.
Analysis methods and techniques for landscape and hydrogeochemical modelling 4
This study took place in three steps (figure 1).
1. Processing of four satellite images using remote-sensing software 5 A total of four Landsat images dating from 1975, 1992, 2000 and 2006 were used. Channels 2, 3 and 4 were combined. Experimental studies on defining groups of plant species have demonstrated the clear superiority of the TM 2,3,4 combination. Supervised classification, based on the Maximum Likelihood method (N. Boulahouat et B.Naert, 1996; Aykut Akgun et al, 2000) , was used to detect the various types of land cover. The 2006 image was processed first to check the results with the actual terrain. It served as the reference point in processing the older images, using data extracted from the invariant image. The 2006 image was also used to select the samples used to process the other images, using the same method and consequently the same algorithm. The ENVI 4.5 software was used.
2. Integration of data and calibration of the LCM model for the periods 1975-1992 and 1992-2000 6 The results of the remote-sensing processing were fed into the GIS (Idrisi) database. Model calibration took place in four steps.
• The digital terrain model (DTM) was extracted from the SRTM 30 files, then corrected (filling in holes using the esrihydrological module) and transformed to cover the lakes region in a Lambert II Carto projection. The DTM could be integrated in the LCM module as a constraint to determine the impact of the slope on changes in land cover, then to estimate the flow rates at various lake outlets using the WARMF model. The slope and other physiographic factors are basic parameters in the WARMF model.
• The road network was digitised using ArcGIS and then transformed to image format to remain consistent with the other mapping data.
• The results of the remote-sensing processing were converted to image format. The images (30-metre resolution) were georeferenced and adapted to cover the same sector as the mapping data above (DTM and roads).
• A series of distance maps were created for the roads and rivers, considered as variables by the LCM module, based on the principle of a probabilistic calculation using the Markov method, which consists of evaluating the probability of one type of land cover replacing another. Several steps are needed to create the predictive maps using the LCM module, which requires land-cover images (land-cover data in image format) from two periods as In view of modelling the changes in land cover over the next 20 years, the LCM module served to draft predictive maps based on a number of parameters and decision rules. The parameters may be constraints or factors to limit or enable changes and consequently changes in the land cover. For example, a first-order constraint that was taken into account during processing forbid replacing rivers and lakes with built-up areas. predictive map and the land-cover map produced by the 2006 remote-sensing data were somewhat less than 15%. We considered these results acceptable even though they should be a bit more precise.
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The results of this first modelling phase were fed into the WARMF hydrogeochemical model for lakes and rivers. Developed by the U.S. company Systech, WARMF is a logistic model designed to assist in decision-making and management of water resources in large river basins (Chen et al., 2010) . Equipped with a large chemistry database, it can evaluate physico-chemical trends in a lake or river in daily time steps. A number of parameters concerning hydrometeorology (P, T, humidity, flow rates, etc.), air and water chemistry (N, S, majors, traces, etc.), sediment (organic matter, majors, traces, etc.) and the river basin (S, P, slope, land cover, soil type, hydrodynamic characteristics, etc.) are required to calibrate the model and for its operation.
Geographical situation 10 The study area is in the Jura department, halfway between Saint-Laurent-en-Grandveaux to the east and Clairvaux-les-Lacs to the west. The Hérisson river basin covers approximately 50 square kilometres on the low and mid plateaus and comprises the towns of Frasnois in the east, Songesson in the west and Bonlieu in the south. It is bounded on the west by the town of Doucier. In total, there are six lakes, four on the mid plateau (Petit and Grand Maclu, Illay, Bonlieu) and two below (Val and Chambly) (figure 2). • Secondly, three types of land cover were affected by the decrease in farm land. The most affected were mixed forests, which tended to expand in the northern and western sections of the river basin, then conifers which increased in the upper regions and, finally, built-up land. The latter practically doubled in 40 years around existing villages, particularly in the lower section of the basin near Doucier. Modelling land cover to make predictions for the next 20 years 20 The recurrent question raised by managers concerns the future of these areas over the next 20 years and primarily the plant species that will grow there, in view of measuring the influence of the latter on the quality of the aquatic environments (the lakes). The lakes are very sensitive to organic inputs that significantly affect their physico-chemical parameters and alter the chemical quality of the water (release of metals, organometallic compounds, etc.). The LCM modules (CLARK, 2010; Gilmore, 2006) made it possible to calculate the probabilities of change in land cover and to draft a predictive map for the • The maps predict densification of urban areas in the downstream section of the river basin, around the village of Doucier. This was foreseeable given the proximity of Champagnole, which encourages this type of change. This expansion will also take place at higher altitudes, namely on the Ménétrux plateau, which currently stands out for its very agricultural character (mainly corn).
• The same phenomenon will tend to occur, but to a lesser degree, in the upper section, in the villages of Frasnois and Bonlieu. In the latter village, it is the town of Clairvaux that will exert an influence.
The consequences of changes in forest land cover in the Alpine and Jurassic m... 24 Farther to the north, conifers will also develop in the area around the Ilay lake, particularly to the west where the Jurassic limestone cliffs emerge (figures 6a and 6b).
Journal of Alpine
25 The comparison of the simulated cover with the data drawn from the 2006 satellite images is the means to measure the changes and to more precisely determine the sectors affected by the changes.
26 On the whole, two types of cover will follow the existing trend, i.e. a slow but real increase, namely mixed forests and built-up areas (figure 7).
27 Conversely, conifers, meadows and water areas show no change and their surface areas will remain virtually constant.
28 Mixed forests will cover a total of almost 2 500 hectares throughout the basin, followed by conifers with 1 200 hectares. Farm land and built-up areas follow inverse trends. Farm land will tend to decrease whereas built-up land will increase. 29 These changes in land area and land cover, particularly when the plant species are conifer and hardwood trees, are not without consequences for lake waters, notably the deeper levels. Recent chemical (Martin, 1990; Nedjai et al., 2010; DIREN, 1999 DIREN, , 2004 and biological studies on the various lakes have shown a drop in fauna and particularly benthic fauna (Verneaux et al., 2004) . In parallel, significant increases in organic matter have been observed in the first ten centimetres of sediment, confirming an increase in organic flows essentially from the wooded slopes and wetlands around the lakes (Nedjai, 2010) . Tests to determine the percentage of organic matter in the sediment by heating to 550°C for six hours showed results of approximately 40% of the total sample weight, whereas it was only about 20% at the end of the 1800s or beginning of the 1900s. To characterise this increase, we modelled the flows of organic carbon, oxygen and pH over the 1992-2010 period using the land-cover data from 1975 and 2030 and based on current hydrometeorological conditions. This approach was decided upon because the goal is to determine the impact of land-cover changes without taking into account climate change. It is nonetheless certain that the latter is strongly linked to the plant and physicochemical dynamics involved here.
Consequences of land-cover changes on the lakes in the Hérisson river basin 30 Input of pedological data (hydrodynamic characteristics: hydraulic conductivity, land cover), hydrometeorological data (Frasnois weather station, flow rates at the Hérisson station), hydrochemical data (authors ' data, 2010; DIREN 1999 DIREN , 2004 DIREN , 2005 Verneaux J., 1984) and geochemical data drawn from measurements by DREAL (formerly DIREN) and our own analyses made it possible to simulate the lakes and rivers of the river basin.
Simulations were run with a time step of one day over the entire period under study. Calibration was based on the hydrological results (flow rates measured at the Hérisson station) and model variables were adjusted for the 2000-2010 period. For that period, we have fairly complete and continuous hydrometeorological series as well as several series of chemical analyses of lake water and sediment. The simulations addressed two levels, the surface and the base of the hypolimnion to measure the intensity of disturbances in physico-chemical parameters and to determine the flows of organic matter from the catchments. The simulations were run for the years 1975 and 2030 to observe the potential drift in the physico-chemical parameters and to measure deviations caused by changes in land cover over the period. In this case, we took 1975 as the reference year, though fully aware that the disturbance, i.e. acidification, is older, as shown by the geochemical analyses that we ran on sediment in the various lakes. The reduction in cationic flows, essentially calcium, confirmed this trend and the retention of these elements by the organic deposits on the forest floor (soil litter).
31 On the whole, in terms of organic input, we observed an increase in flows of organic carbon from 1992 to 2010 (figure 8). The closing of the landscape and expansion of forests, essentially mixed forests, resulted in relatively high organic production. The organic production may be estimated at approximately 70% of the total, with spikes reaching almost 100% during years with heavy rainfall. Conclusion 35 The results of the direct measurements and of the hydrogeochemical modelling clearly reveal that changes in land cover have a direct impact on water quality, particularly at the deepest levels which enter a phase of asphyxia. Lakes are generally characterised by very slow circulation of their waters, which results in strong chemical exchanges with the lake bed. The example of the Jura mountains and the Hérisson river basin generally confirms this situation caused by the closing of the landscape. Closing is the direct result of reduced farming and expansion of forests, mainly conifers and mixed forests, into the formerly open areas. This growth in turn results in increased organic production and soil litter. The litter forms a barrier for surface runoff and considerably reduces cationic exchanges, mainly with the limestone formations in the river basin. The solid inputs, primarily organic in nature, form a barrier layer and limit exchanges between the deep water and the rock, and thus the buffer effect of the carbonated deposits. The pH values have dropped considerably over the past 30 years, signalling significant acidification of the lakes. In parallel, an equivalent drop in the redox potential was observed, which may result in the release (dissolution) of heavy metals (mercury, zinc, chrome, etc.) (Charlet et al., 2003) . The relatively high levels of aluminium observed in deep waters (hypolimnion) are a clear indication of this situation. Simultaneously, a drop in quality was revealed by a drop in the abundance of fauna, primarily benthic fauna which was confirmed by Verneaux (2004) , and by the reduction in noble species (European whitefish). 
RÉSUMÉS
The issue of acidification in lake waters has been the topic of numerous scientific studies in northern Europe and North America. In recent years, interest in the topic has spread to southern Europe and Asia because similar symptoms have been observed (drop in pH and in redox potential, generally accompanied by oxygen depletion). All the scientific work on the issue has concluded that the phenomenon is general and affects, to different degrees, lakes located at low to medium altitudes in mountains (the Vosges mountains and more recently the Jura mountains, in France). The difference in degree is often interpreted as the result of different combinations from three sources, namely acid rain, direct discharges of pollutants and the spread of forests (essentially conifer species). The first two sources have been confirmed, but the third is less perceptible due to slow progression of the phenomenon.
Analysis and modelling of changes in land cover in the Hérisson river basin in the Jura mountains (largely carbonated soils) confirmed the direct impact of the forest cover on the physicochemical quality of lake waters, in particular at the deeper levels (hypolimnion) over the past 30
years. The impact is reinforced by the considerable presence of peat zones around the lakes which, during high-water periods, contribute large quantities of dissolved, particulate organic matter.
The goal of this work is to show the direct impact of the increasing forest cover observed on the Jurassic plateaus, caused by a considerable reduction in farming activity over the past 30 years.
This work focuses on an analysis of land cover (vegetation), using four satellite images spanning the period from 1975 to 2006, and calls on hydrogeochemical modelling (WARMF) to evaluate changes in the physico-chemical quality, i.e. acidification, of deep lake waters. This first step is followed by a predictive phase prior to measuring the intensity of the physico-chemical changes (pH and redox) over the next 20 years to 2030. The existence of this phenomenon confirms the massive releases of heavy metals recently noted and the biological weakening observed in certain lakes, notably among the benthic fauna.
